The presence and role of Archaea in artificial, human-controlled environments is still unclear. The search for Archaea has been focused on natural biotopes where they have been found in overwhelming numbers, and with amazing properties. However, they are considered as one of the major group of microorganisms that might be able to survive a space flight, or even to thrive on other planets. Although still concentrating on aerobic, bacterial spores as a proxy for spacecraft cleanliness, space agencies are beginning to consider Archaea as a possible contamination source that could affect future searches for life on other planets. This study reports on the discovery of archaeal 16S rRNA gene signatures not only in US American spacecraft assembly clean rooms but also in facilities in Europe and South America. Molecular methods revealed the presence of Crenarchaeota in all clean rooms sampled, while signatures derived from methanogens and a halophile appeared only sporadically. Although no Archaeon was successfully enriched in our multiassay cultivation approach thus far, samples from a European clean room revealed positive archaeal fluorescence in situ hybridization (FISH) signals of rod-shaped microorganisms, representing the first visualization of Archaea in clean room environments. The molecular and visual detection of Archaea was supported by the first quantitative PCR studies of clean rooms, estimating the overall quantity of Archaea therein. The significant presence of Archaea in these extreme environments in distinct geographical locations suggests a larger role for these microorganisms not only in natural biotopes, but also in human controlled and rigorously cleaned environments.
Introduction
The study of the biology and ecology of Archaea, the third domain of life on Earth, has undergone significant changes and great discoveries during recent years. For more than 20 years Archaea were considered to be extremophiles that were ecologically restricted, and highly adapted to specific and often hostile biotopes (for example, Pyrodictium, Picrophilus; Woese and Fox, 1977; Moissl et al., 2008) . However, new molecular methodologies have revealed an omnipresence of Archaea in almost any 'normal' natural biotope, like marine and freshwater environments, or soil (Bintrim et al., 1997; Karner et al., 2001; Rudolph et al., 2004) . Nevertheless, the successful enrichment or even isolation of cold loving or mesophilic Archaea (besides methanogens) has only rarely been reported (Konneke et al., 2005) . By using indirect techniques such as metagenomics, fluorescence in situ hybridization (FISH)-based methods and submicronscale ion imaging, great insights were obtained into the ecological and physiological properties of Archaea in their diverse habitats, and their role as a significant motor in chemical conversions (Teira et al., 2004; Cavicchioli et al., 2007; Dekas et al., 2009 ). These methodologies also revealed an astonishing quantitative presence: It is estimated that about 1/3 of all the marine microbes are constituted by archaeal cells (Karner et al., 2001) .
So far, most studies searching for Archaea still focus on the natural habitats. Almost nothing is known about the presence of Archaea in artificial systems and human maintained environments. Although very rare studies point to a possible pathogenic role of some methanogens (Vianna et al., 2006) , Archaea are considered harmless to human health, and therefore are not, unlike bacteria, in the focus of medical surveys. Humans can be carriers of certain methanogens in their intestine, however it is not certain whether humans are hosts for other groups of Archaea, and/or have immediate contact with Archaea in their external environments. Thus far, no surveys have been carried out looking for Archaea in, for instance, human households, offices, airplanes, clinical environments or other restricted environments like pharmaceutical and industrial clean rooms.
Clean rooms are unusual and extreme environments for microorganisms. Low nutrient levels, low humidity, frequent cleaning and sterilization procedures pose a threat for all organisms thriving or living in these environments (Venkateswaran et al., 2001) . Challenging the survival of microbes is one of the major aims of spacecraft-associated clean rooms: In terms of planetary protection, biological contamination on spacecraft flying to extraterrestrial points of interest has to be controlled (understood and reduced) in order to avoid compromising the integrity of the future life-detection missions on Mars, Titan or other solar bodies (see also : Horneck et al., 2010) . As nowadays spacecraft cannot be sterilized ('baked') as a whole, a microbial quality control of each hardware item is tremendously important. Standard procedures for the detection of microbial contamination are still based on cultivation, specifically by counting the colonies of robust, spore-forming bacteria, surviving a heat shock at 80 1C (National Aeronautics and Space Administration (NASA) standard procedure, Anonymous, 1999 ; European Space Agency (ESA) standard procedure, Anonymous, 2008) . The number of colonies serves as a proxy for the overall contamination of the spacecraft. Nevertheless, recent studies have shown that a broad variety of bacteria is present on or around the spacecraft, out of which many showing special adaptations and extreme tolerances . Molecular studies have revealed an even broader bacterial diversity than that assessable through cultivation procedures, and even the estimated cell numbers likely needs to be corrected upwards (LaDuc et al., 2004) . These findings clearly show that diverse bacterial communities are able to resist conventional sterilization and cleaning procedures, and emphasize the need for novel sterilization methodologies and improvement of the detection methods .
Being aware of a specialized, adapted bacterial community in such clean rooms, the main detection is still directed towards bacteria, but Archaea (and Eukarya) are further considered as a possible contamination source in the field of planetary protection. Archaea were discussed as one of the most likely life forms on Earth to survive a space flight, and survive or even thrive on Mars (mainly methanogens and halophiles; Kendrick and Kral, 2006; Landis, 2001 ), but it was unclear, if Archaea even could be found in spacecraft-associated clean rooms.
Very recently, we reported the molecular detection of Archaea in two US American NASA spacecraft assembly facilities (Moissl et al., 2008) . Overall, 30 different crenarchaeal and euryarchaeal 16S rRNA gene sequences were derived from these American clean rooms, however the physiological status and quantity of associated cells were unknown.
In this study, the presence of Archaea in spacecraft assembly clean rooms around the globe was confirmed by the analysis of three distinct spacecraft assembly clean rooms in Europe and South America. In addition to molecular 16S rRNA gene sequence analysis, data were supported through FISH, and quantitative real-time PCR (qPCR). This study reveals that Archaea are a significant part of the microbial community in spacecraft assembly clean rooms all over the world, and that this group of microorganisms is able to persist in these artificial, human maintained environments.
Materials and methods

Sampling
Samples were collected from selected surface areas within the two European spacecraft-associated clean rooms, as well as one clean room (final assembly building) in French Guiana, South America. All sampling locations and their characteristics are summarized in Table 1 . During sampling, the European clean rooms were in full operation, and harbored the Herschel Space Observatory. Further details concerning these samplings are given in Stieglmeier et al. (2009) . Within final assembly building at Centre Spatial Guyanais in French Guiana, different clean room surfaces were sampled. The final assembly building clean room is nominally operated as ISO 8 (according ISO Archaea in global spacecraft assembly clean rooms C Moissl-Eichinger 14644-1), but was opened 1 day before sampling to move in a container, harboring Ariane 5 fairings to be launched with the Herschel observatorium.
All samples for molecular analysis were taken by using BiSKits (QuickSilver Analytics, Abingdon, MD, USA) as recommended by the manufacturer (sample area up to 1 m 2 ). The selected area was wiped in three different directions while rotating the sampling device (this protocol was adapted from the ESA 'Microbial examination of flight hardware and cleanrooms' standard for wipe sampling; Anonymous, 2008) . Whereas clean room floors were sampled from European facilities, at Centre Spatial Guyanais the inside floor of the fairing container was sampled for comparison.
Samples for cultivation were taken using SpongeSicles (Biotrace (3 M), St Paul, MN, USA) as described in Stieglmeier et al. (2009) . SpongeSicles were premoistened with water (10 ml) before sampling. Also here, the sampling area was wiped thrice in different directions. After sampling, 10 ml of sterile phosphate-buffered saline (PBS) was added. In case of anaerobic sample treatment, SpongeSicles were stored under anoxic conditions immediately after sampling (see Stieglmeier et al., 2009) . Within the final assembly building at Centre Spatial Guyanais, samples were taken from various clean room surfaces. In addition, platform 12 was sampled, located at the upper end of Ariane 5, where the integration of the Herschel observatorium took place. All samples and their characteristics are given in Table 2 .
Sample treatment
BiSKit samples for molecular analysis were stored chilled (4-8 1C) during transportation, and frozen immediately after arrival at the laboratory.
SpongeSicle samples were stored chilled during transportation. To extract the samples, SpongeSicles were squeezed and dispersed within their plastic transportation bag. The liquid was removed under a sterile hood and inoculated immediately. Anaerobic samples were shaken rigorously and samples were removed by using syringes and needles (Stieglmeier et al., 2009) . Smaller fractions from SpongeSicle and BiSKit samples for FISH were fixed immediately (see below), or as soon as possible after return to the Regensburg laboratory.
Cultivation
The following liquid media were used for the cultivation of Archaea (see also Stieglmeier et al. (2009) ; the recipes are given for 1 l medium to be prepared with distilled water): TG (thioglycolate Stieglmeier et al. (2009) . All cultivations were done at 32 1C for 5 to 6 months, and examined weekly through microscopy for growth. If growth occurred, phylogenetic affiliation of the microbes was determined using FISH, or 16S rRNA gene sequencing.
Field blanks and media blanks were included as negative controls for the cultivation attempts.
FISH
SpongeSicle samples from Friedrichshafen (FR) sampling were used for FISH (see Table 2 ). Because of problems with background fluorescence in SpongeSicle samples, for the other samplings, mainly BiSKit samples were used for FISH (Table 2) . For each analysis, 500 ml of the original sample was fixed using 3% (w/v) paraformaldehyde, either directly after sampling (FR and ES), or at arrival at the laboratory (Kourou). Because of very low biomass in the samples, they were concentrated by centrifugation to 15 ml. Bacteria-and Archaea-specific FISH was carried out as described previously (Moissl et al., 2002) . For the detection of bacteria, Cy3-labeled EUB 338 probe (Amann et al., 1990) was used. For Archaea-specific hybridization, three probes (rhodamine green-labeled) were used as a mixture (ARCH344, ARCH915, ARCH1060; Moissl et al., 2003) . Samples, field blanks and positive controls (SM1 Euryarchaeon (Moissl et al., 2003) and Escherichia coli) were stained in parallel, but on different slides to avoid cross-contamination.
DNA extraction
Sampling liquid from BiSKits (up to 4.5 ml for each individual DNA extraction) was concentrated using UV sterilized Amicon Ultra-15 filters (cutoff 50 kDa; Millipore GmbH, Schwalbach, Germany). The resulting suspension was subjected to DNA extraction using the XS buffer method (Tillett and Neilan, 2000, modified) : XS buffer (2 Â ) was freshly prepared as follows: (20 ml stock solution): 1 M Tris/HCl (pH 7.4) (4 ml); 7 M ammonium acetate (4.56 ml); 250 mM ethylene diamine tetraacetic acid (3.2 ml); 10% sodium dodecyl sulfate (w/v) (4 ml); potassium ethyl xanthogenate (0.4 g); PCR-grade water (4.99 ml). For completely dissolving the xanthogenate, the buffer was incubated at 65 1C for 15 min.
Starting with for example 1 ml sample, in total, 1 ml of 2 Â XS buffer was added, and the mixture was stirred gently (short vortex). After an incubation of 2 h at 65 1C, and mixing by hand for about every 30 min, the suspension was vortexed for 10 s. The tube was placed on ice for 10 min and centrifuged afterwards (100 g, 5 min, 4 1C). The supernatant was transferred into a PhaseLock Gel tube (Eppendorf, Hamburg, Germany), and an equal volume of phenol: chloroform:isoamyl alcohol (25:24:1) was added. The suspension was mixed gently and centrifuged (2000 g, 5 min, 15 1C). The aqueous layer was transferred into a new tube. To precipitate DNA, the same volume of cold 100% isopropanol and 1/10 volume of 4 M ammonium acetate was added and gently mixed. After incubation at À20 1C overnight, the suspension was centrifuged at 13600 g at 4 1C for 30 min. The (invisible) pellet was washed with 1 ml 70% ethanol (ice cold) and centrifuged (13600 g, 30 min, 4 1C). The pellet was dried completely and afterwards dissolved in 15 ml PCR-grade water.
PCR and cloning of archaeal 16S rRNA genes For the analyses in this study, nested PCR was carried out. Primers 8aF (Burggraf et al., 1992) and 1406uR (Lane, 1991) served as a primer pair for the first amplification, for which 1 ml of the DNA extract was used. The PCR was carried out using the Pure Taq system (Peqlab, Erlangen, Germany) under the following conditions: 95 1C for 4 min; 33 cycles of 95 1C for 50 s, 60 1C for 50 s and 72 1C for 1 min 30 s; and final incubation at 72 1C for 10 min. Afterwards, 1 ml of the amplicon was used for the second PCR reaction with primer combination 345aF and 1119aR (Burggraf et al., 1997) . The length and quantity of the amplicons were visualized on a 1% agarose gel. Amplified PCR fragments were subjected to cloning using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The presence of inserts of the expected size was verified by direct PCR screening of up to 100 transformants without plasmid extraction. For restriction fragment length polymorphism analyses, the PCR products were digested with a mixture of two different restriction endonucleases (BsuRI and HinfI; Fermentas GmbH, St LeonRot, Germany). The resulting restriction patterns were compared, and representative transformants were selected and their plasmid DNA extracted (Qiaprep kit, Qiagen, Valencia, CA, USA) as recommended by the manufacturer. Sequencing of the 16S rRNA gene sequences was carried out by the companies Geneart or Entelechon (Regensburg, Germany).
Controls
In each step of the sampling, cultivation, FISH, DNA extraction and PCR, suitable negative controls were used. Field blanks were taken (sampling tool was opened on sampling site and waved through the air), and served as an additional negative control, besides media controls (cultivation), extraction blanks (molecular studies) and water blanks (molecular studies).
In addition to water controls an unopened BiSKit buffer was included as a negative control.
All PCR reactions were carried out with the following controls: a positive control (DNA of Methanococcus aeolicus), and three negative controls (field blank, extraction blank and water blank). In order to check whether any inhibitory molecules were present in the extract, all samples that showed negative PCR amplification for Archaea were spiked with a known amount of M. aeolicus DNA.
Quantitative PCR
Quantitative PCR was performed using the RotorGene 6000 Real-Time PCR system (Corbett Life Science, Concorde, NSW, Australia). The qPCR reactions were carried out in 20 ml with 1 Â SYBR Green Taq Premix (Quantitect SYBR Green PCR kit, Qiagen, Hilden, Germany). In total, 1 ml of extracted DNA was used for the amplification with the Archaea-specific primer combination 345aF-517uR (Lane, 1991; Burggraf et al., 1997) . The amplification protocol was as follows: hold at 95 1C, 15 min; cycles (40 repeats): 94 1C (15 s), 60 1C (30 s) and 72 1C (30 s). Fluorescence measurements were taken at the end of each cycle. Standards were developed from PCR products of the 16S rRNA gene from M. aeolicus, and 10-fold serial dilutions thereof. For this, PCR amplicons were purified and the concentration was determined using Nanodrop (ND-1000, Thermo Scientific, Wilmington, USA); on the basis of the 16S rRNA gene sequence of M. aeolicus, its nucleotide composition and weight was determined, and the copy number was calculated subsequently.
Coverages and phylogenetic calculations
These analyses (calculation of coverage of clone libraries, chimera check, ARB) were carried out as given previously (Moissl et al., 2008) .
Nucleotide sequence accession numbers
The 16S rRNA gene sequences of the clones were deposited in the NCBI nucleotide sequence database. The accession numbers are given in Figure 1 . For cultivation, samples were taken both aerobically or anaerobically (see also Stieglmeier et al., 2009 ). In total, 32 different cultivation strategies were applied, 9 of them focusing mainly on Archaea: media specific for methanogenic Archaea (acetotrophs, methylotrophs and hydrogenotrophs), as well as media for a broad variety of metabolic pathways supplied with a combination of four different antibiotics were applied. This mixture of antibiotics has been used successfully for the cultivation of mesophilic Crenarchaeota by suppressing the concomitant bacteria (Konneke et al., 2005) . Nevertheless, none of our cultivation assays revealed positive (microscopically visible) archaeal growth in the time frame of 5 to 6 months.
Results
During a biodiversity study connected to the
In general, the microbial density in samples taken from clean rooms is very low (LaDuc et al., 2004) . For FISH, samples had to be concentrated through centrifugation by a factor of 33 in order to obtain visible cell densities on hybridization slides. The majority of detectable microorganisms showed strong 4 0 ,6-diamidino-2-phenylindole (DAPI) signals, and a low to bright signal with a bacteriaspecific probe. These results confirmed that the hybridization conditions used, allowed for the detection of a broad variety of bacterial cells, even though many of them were most likely not in an actively growing status. Bacteria of different morphological types were detected, in particular diplorods (FR), rods (all locations), diplococci (all locations), single cocci (ES and KO) and tetrads (ES).
Archaea in global spacecraft assembly clean rooms C Moissl-Eichinger
Samples from Kourou gave comparatively low fluorescence signals, probably because of the longer transportation time from South America to the laboratory in Regensburg, Germany.
Notably, some cells from a European Space Research and Technology Centre sample (B1, clean room floor, right entrance) gave positive signals with Archaea-specific probes on duplicate slides. These archaeal cells, estimated 1 cell per 100 bacteria, and were brightly DAPI-stained, and did not hybridize with the bacteria specific-probe (Figure 2 ). The cells detected were rod-shaped, revealing a length of about 2 mm and a width of 0.5 mm. Because of the brightness of the hybridization Figure 1 Phylogenetic tree, showing selected archaeal 16S rRNA genes from US American, European and South American spacecraftassociated clean rooms. The tree was calculated on the basis of the maximum likelihood methodology, implemented in the ARB software package (Ludwig et al., 2004) . Sequences obtained from this study are shown in bold and highlighted (gray background). Sequences from previous studies are shown with gray background. Abbreviations: FR, Friedrichshafen; ES, ESTEC; KO, Kourou; SAF, spacecraft assembly facility at the Jet Propulsion Laboratory (Pasadena, CA, USA); JSC, Johnson Space Center (Houston, TX, USA).
signal, which depends on the number of ribosomes in the cells, the microbes appeared to be physiologically active.
A previous study showed that because of low microbial biomass observed in spacecraft-assembly clean rooms, and the even lower abundance of Archaea, parallel samples taken in one clean room led to 2/3 negative results when screened for archaeal 16S rRNA genes (Moissl et al., 2008) . Therefore, samples from larger surface areas were taken and pooled in order to detect archaeal signatures more effectively. BiSKit samples were pooled before DNA extraction as given in Table 2 . Extracted DNA from BiSKit clean room samples was subjected to nested-archaeal PCR. None of the negative controls resulted in the amplification of archaeal 16S rRNA genes, but all clean room samples revealed the presence of signatures from Archaea (Table 3 ). The B800-bp PCR amplicons obtained were subjected to cloning, and more than 100 clones per sampling location were analyzed. One FR sequence was judged as a chimera, and therefore removed from all calculations.
The clone coverage values of the 16S rRNA recombinant libraries were fairly high (96-100%), indicating an almost complete accession of the 16S rRNA genes present, on the basis of the methods applied. The archaeal clean room sequences were affiliated with Euryarchaeota and Crenarchaeota, whereas Euryarchaeota were detected in FR samples only. The majority of sequences obtained, clustered with mainly uncultivated Crenarchaeota from very diverse biotopes like soil, sediments, deserts or plant roots (Figure 1) . Interestingly, the US American clean room sequences (Moissl et al., 2008) clustered within this group of Archaea as well (crenarchaeal soil group 1b; DeLong, 1998), and were closely related to the newly retrieved clone Archaea in global spacecraft assembly clean rooms C Moissl-Eichinger sequences. The closest cultivated neighbor to these sequences was the thermophilic ammonia oxidizer candidatus Nitrososphaera gargensis (Hatzenpichler et al., 2008) , showing up to 96% similarity in the 16S rRNA gene with the sequences from this study. A phylogenetic tree with representative sequences is given in Figure 1 .
The crenarchaeal clean room sequences from this study spanned a difference of up to B5% from each other within the B800 bp fragment of the 16S rRNA gene. The sequences obtained from locations ESTEC and Kourou formed small clusters with up to 1.2% difference in the single sequences. On the other hand, the broadest diversity of Archaea was observed in FR samples: Besides Crenarchaeota, one sequence from a methanogen was obtained (Methanosarcina). Additionally, a sequence from a halophilic and maybe even alkaliphilic Archaeon has been amplified from these samples (Halalkalicoccus, Figure 1 ).
All samples were subjected to archaeal quantitative PCR, in order to estimate the quantity of archaeal cells per m 2 . The average 16S rRNA gene copy number of Archaea was measured to be around 4 Â 10 4 per m 2 , which corresponds to an estimated cell number of about 2.2 Â 10 4 (the calculation was on the basis of the average number of 16S rRNA gene copies for Archaea (1.77), as available at rrnDB (Klappenbach et al., 2001; Lee et al., 2009;  Table 3 ). The typical bacterial cell number was estimated to be around 10 5 -10 7 per m 2 , approximately two logs higher than the archaeal cell number. The highest number of Archaea was detected in the ES-pooled sample, in agreement with the appearance of the positive archaeal FISH signal.
Discussion
This study is a completion, continuation and deepening of a previous study, that reported the finding of archaeal 16S rRNA gene signatures in US American spacecraft assembly facilities (Moissl et al., 2008) . Until now, the significance of the finding, in terms of the abundance of these archaeal cells, their physical and physiological state, and their distribution throughout the globally distributed clean rooms, was unknown.
In this study we addressed these crucial open questions, and were able to confirm the presence of a particular crenarchaeal community in European and South American clean rooms: Again, the majority of the archaeal 16S rRNA genes detected, clustered within the Crenarchaeota group 1b (300 of the 400 clones). The presence of these Crenarchaeota is significant as different procedures, and setups were used in our two studies (Moissl et al., 2008) : Different sampling methods (wipe sampling, BiSKit sampling), extraction methods (phenol-chloroform extraction, XS buffer method), DNA amplification procedures (different Taq systems, primer sets) were applied. Additionally, the experiments were conducted in two different laboratories (Jet Propulsion Laboratory, USA and Institute for Microbiology, Regensburg, Germany). To date, 48 different crenarchaeal 16S rRNA gene sequences were obtained from five global clean rooms.
Using a sensitive qPCR method, the number of Archaea m À2 clean room surface was estimated to be around 2.2 Â 10 4 , which is approximately two to three logs lower than the estimated number of bacteria. Even though this archaeal abundance appears low, the clean room Crenarchaeota were detected in every facility analyzed, so that the presence of these Archaea appears to be as consistent as clean room-associated bacterial genera such as Staphylococcus, Micrococcus, Bacillus and other typical bacterial contaminants .
Our study is the first report of the application of a qPCR method for the detection and quantification of Archaea in clean room environments. Future qPCR studies of other clean rooms and human-controlled environments will be necessary to confirm this low, but constant abundance of Archaea.
This study also reports the first visualization of archaeal cells in spacecraft-assembly clean rooms. Rod-shaped microorganisms were observed, that showed a bright signal with Archaea-specific probes, which hints towards the presence of intact and potentially active cells in these environments. Nevertheless, because of the low biomass available for FISH, the Archaea-specific hybridization result could not be analyzed further to identify Euryarchaeota or Crenarchaeota signals. As ES samples (from which the positive FISH signal was obtained) resulted in the detection of crenarchaeal 16S rRNA gene sequences only, it can be assumed that the FISH signal probably belonged to crenarchaeal representatives.
Even though archaeal 16S rRNA gene sequences have now been amplified from a number of different clean rooms in geographically distinct locations, the cultivation of Archaea from these artificial environments has not been successful thus far. It is possible, that the selected temperature and media have not been suitable for their successful isolation, although a broad variety of possible metabolic pathway specialists were targeted (for example, methanogens, sulfate reducers, iron oxidizers, iron reducers, ammonia oxidizers, nitrate reducers, organotrophs). These negative results show again that the cultivation of Archaea existing in mesophilic environments still remains very difficult. At present, nothing is known about archaeal 'viable, but nonculturable' (VBNC) states, which have been reported for bacteria (Oliver, 2009) , and might also affect the cultivability of Archaea. This problematic background has also been discussed previously for the bacterial diversity in clean rooms (LaDuc et al., 2004) .
Because of the fact that most bacteria found in clean room environments are human symbionts, commensals or pathogens (for example, Staphylococcus, Clostridia, Propionibacteria, Moissl et al., 2007; Stieglmeier et al., 2009) , the detection of a typical archaeal clean room population might also point towards a human involvement. Humans are the only omnipresent, flexible, not sterilizable or cleanable items, causing traffic and air turbulences within the clean rooms. It appears plausible that the Archaea detected in these clean rooms were introduced by human activity, and they could therefore be envisaged as human associated.
So far, Archaea appear to be harmless to humans, but they are not harmless in the context of space travel. Detailed resistance studies of vegetative thermophilic and hyperthermophilic Archaea have unexpectedly revealed tolerances against desiccation, vacuum and radiation (UV and g, Beblo et al., 2009) . It is unclear however, whether these organisms could cope with the problematic and extremely harsh conditions during space travel, or lack of nutrients and low temperatures in extraterrestrial environments.
Methanogens in particular are considered as one of the most likely life forms on Earth to be able to survive on Mars or other planets (McCollom, 1999; Krasnopolsky et al., 2004) . Many methanogens are primary producers, adapted to anaerobic environments with very low or no organic compounds making them perfect candidates for the colonization of extraterrestrial environments. In particular the presence of methanogens on Mars has already been discussed, as the Martian atmosphere contains traces of methane, and an imbalance of efflux and production was observed. Although the origin of the detected methane is unclear, a microbiological methane source is one possibility (Lefevre and Forget, 2009) .
Signatures from methanogens have been found in the US American SAF (Moissl et al., 2008) , and also in the FR facility. This shows the possibility that these organisms may be in contact with spacecraft, and could potentially contaminate other planets.
Besides methanogens, halophiles have been discussed as possible survivors on Mars, as the Martian liquid water (if available) would contain high concentrations of different salts (Landis, 2001 ). Signatures of a halophilic Archaeon has been obtained from the clean room in FR (Halalkalicoccus), an Archaeon that appears to be adapted to salty, alkalic environments (Xue et al., 2005) .
The cultivability and availability of closely related strains allow a certain speculation and discussion about the possible properties of the detected methanogens and halophile. However, it is unclear at present whether the signatures obtained from the clean rooms were extracted from living, intact cells that could possibly pose a threat to planetary protection.
In contrast, much less information is available about the possible role of the particular crenarchaeal clean room populations that have been detected in all spacecraft assembly facilities analyzed. Closer relatives thereof were detected in molecular studies of natural biotopes only, the closest cultivated neighbor (Nitrososphaera gargensis) shows more than 4% difference in the 16S rRNA gene sequence. Nevertheless, many of the uncultivated relatives, and also Nitrososphaera were described to have the appropriate genes for ammonia oxidation (Hatzenpichler et al., 2008; Erguder et al., 2009) . The focussed search for functional genes in clean room samples, such as archaeal amo A genes, could possibly shed light onto the physiological properties of the clean room Crenarchaeota. The ability for ammonia oxidation is not necessarily an advantage for the survival on the Red Planet, but could be beneficial when introduced in the environments of the Saturn's moons Titan or Enceladus. Although the temperature on both moons is quite low, the presence of ammonia, H 2 O and other prerequisites for a possible growth of specialized microbes has been discussed (Israel et al., 2005) .
For sure, the affect of the finding of Archaea in spacecraft-associated clean rooms on planetary protection requires further discussion. Besides including Archaea in biodiversity studies of spacecraft assembly clean rooms, an expansion and adaptation of the standard microbial detection procedures to include Archaea is definitely recommended.
In summary, the presence of Archaea in highly specific, human maintained and controlled environments can no longer be denied. Their detection emphasizes the ability of this domain of life to exist in the most unexpected biotopes, including in habitats that are of human origin. Other studies attempting to detect Archaea on artificial surfaces and in human environments are very rare and have not yet resulted in positive signals. Because of their lower abundance, Archaea require different, more sensitive methods for identification and quantification, and maybe also variation in primers and amplifying systems. Looking at other human-maintained habitats might also increase awareness of potential interactions between Archaea and humans, including symbiotic or even pathogenic associations.
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